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Abstract

A series of studies have been conducted to determine the

flow quality in the NASA Lewis Icing Research Tunnel. The

primary purpose of these studies was to document airflow

characteristics, including flow angularity, in the test section

and tunnel loop. A vertically mounted rake was used to survey

total and static pressure and two components of flow angle at
three axial stations within the test section (test section inlet,

test plane, and test section exit; 15 survey stations total). This

information will be used to develop methods of improving the
aerodynamic and icing characteristics within the test section.

The data from surveys made in the tunnel loop were used to

determine areas where overall tunnel flow quality and effi-

ciency can be improved. A separate report documents similar
flow quality surveys conducted in the diffuser section of the

Icing Research Tunnel. 1

The flow quality studies were conducted at several

locations around the tunnel loop. Pressure, velocity, and flow

angularity measurements were made by using both fixed and

translating probes. Although surveys were made throughout
the tunnel loop, emphasis was placed on the test section and

tunnel areas directly upstream of the test section (settling

chamber, bellmouth, and cooler). Flow visualization, by video

recording smoke and tuft patterns, was also used during these
studies. A great deal of flow visualization work was conducted

in the area of the drive fan. Information gathered there will be

used to improve the flow quality upstream and downstream of
the fan.

Introduction

Flow field surveys were made in the test section and

tunnel loop components as part of a program to improve the

flow quality in the NASA Lewis Research Center Icing

Research Tunnel (IRT). These studies mapped the flow qual-

ity in the test section and through the tunnel loop. The goal of

*Since these flow quality studies were completed, the facility drive fan was
modified such that the maximum empty test section speed is about 400 mph.

this program was is to improve the aerodynamic characteris-

tics (Mach number and flow angularity distributions) in the

test section. Surveys of total and static pressure and flow

angularity were made by using 11 five-hole hemispherical-

head flow angularity probes mounted on a vertically oriented

rake. This rake was used to map the flow at three axial stations

in the test section (five rake positions at each axial station
survey plane).

While the primary mission of the IRT is that of an icing

wind tunnel, some aerodynamic testing is performed in the

facility. Only aerodynamic data were collected during the

flow quality studies. Although these data will be used to

develop improvements to both the aerodynamic and icing

capabilities of the wind tunnel, only the aerodynamic aspects

are addressed in this report.

The primary objective of this work is to report the data

and describe the measurements made, instrumentation used,

and results obtained in support of the flow quality studies.

Description of Facility

The NASA Lewis Research Center's Icing Research

Tunnel is a closed-loop atmospheric tunnel with rectangular

cross sections. The airflow is driven by a 25-ft diameter, 12-
blade fan that is powered by a 5000-hp electric motor. The

tunnel test section is 6 ft high, 9 ft wide, and 20 ft long. The

velocity in the empty test section varies from 50 to 300 mph*
(Mach range of 0.065 to 0.40) at 0 °F. Figure 1 shows a

schematic of the tunnel. A 2100-ton cooler (heat exchanger)
located in the tunnel leg between Corners C and D is used to

control the tunnel air temperature. Eight horizontal spray bars,
located upstream of the test section, inject atomized water into

the airflow to create icing conditions. No icing conditions

were studied in these tests. Reference 2 gives a complete

description of the facility. The test locations for this study are

shown in Fig. 1 also.



Instrumentation and Test Hardware

Flow Field Surveys

Test section survey rake. A 6-ft, vertically oriented rake,

instrumented with 11 five-hole hemispherical-head flow an-

gularity probes spaced at 6-in. intervals, was used to survey
the flow field in the test section. Figure 2 shows the rake

installed in the test section and describes the instrumentation

layout on the rake. The rake structure comprises four 1-in.
channel sections rivetted in pairs to form I-beams. These I-

beams were tied together by aluminum plates to form the main

structure (Fig. 2(c)). Aerodynamic fairings were added to the

leading and trailing edges of the rake. The probe supports were
mounted through the leading edge fairing and main rake

beams; the instrumentation lines were enclosed by the trailing

edge fairing.

Flow angularity probes. Eleven five-hole hemispheri-

cal-head flow angularity probes were mounted to the survey
rake as described in the preceding paragraph. Figure 3 shows

a typical five-hole hemispherical-head probe used in this

program. This type of probe is capable of sensing two compo-
nents of flow angle as well as total and static pressure.

The linear range of the probe for flow angle measurements is

generally +20 °. These probes were calibrated for flow angles
of +20 ° and for Mach numbers of between 0.2 and 0.45.

The probes were not calibrated specifically for use in the IRT
but were calibrated over a different Mach number range for a

flow quality test in another facility; therefore, the calibration

range does not exactly match the Mach number range of the
IRT. The five probes on the lower portion of the rake were
calibrated at Mach numbers of 0.2, 0.25, and 0.3; the next five

higher probes, at Mach 0.35, 0.4, and 0.45; and the topmost

probe was uncalibrated. (The calibration data from another

probe was used for this probe.) This method will decrease the
accuracy of the flow angularity measurements made with

these probes. Accuracy is approximately +0.3 ° based on the

probe calibration, rake alignment, and measurement system.

Bounda__ layer rake. Boundary layer total pressure
measurements were made in the test section using the rake

shown in Fig. 4. Eighteen pressure probes were mounted on
the rake; however, the probes nearest the end of the rake (16,

17, and 18) were inoperative during the tests.

Wind anemometers. Two types of wind anemometers
were used in the study. A hand-held model was used to

determine the velocity distribution in Comers B, C, and D

(Fig. 1) and in the settling chamber (airspeed only), and a

vane-type anemometer was used both upstream and down-
stream of the cooler and in the settling chamber to determine

airspeed and pitch and yaw flow angles. Both types of an-
emometers are shown in Fig. 5. The hand-held model has an

accuracy of 0.5 percent of the instrument reading. The vane-

type anemometer accuracy is +3.28 ft/sec for airspeed, +0.35 °

in pitch, and +0.25 ° in yaw.

Traversing plates. A traversing plate mechanism was

used to obtain velocity and flow angularity distribution data

across large sections of the tunnel. The apparatus consisted of

a flat plate supported by cables at the leading and trailing

edges. The cables were attached to channels mounted to the
tunnel floor and ceiling. The leading edge cable rode on a

pulley and was driven by a remotely controlled electric motor
so that the plate could be positioned at any point across the

survey plane. This setup was used for floor-to-ceiling surveys

both upstream and downstream of the cooler and in Comer D

(settling chamber). Figure 6 shows this apparatus installed in
Comer D (survey plane 7 in Fig. 1). The instrumentation

mounted to the plate during these surveys consisted of one

vane-type anemometer. The accuracy of the flow angularity

measured by the instrumentation mounted on the traversing

plates could be affected by deflection of the plate caused by

aerodynamic loading. This could produce an offset of a couple

of degrees in the measured flow angularity data, but no

attempts were made to quantify this offset.

Data system. The standard tunnel data system was used

to record the pressure measurements made during the test

section survey portion of the study. The tunnel data system
consists of a VAX-based data acquisition system used in

conjunction with an electrically scanned pressure system

(ESP). For these tests, 5-psid ESP modules were used so that

the accuracy of the pressure measurements was +0.0035 psia.

Flow Visualization
Both tufts and smoke were used to determine the flow

quality in several tunnel loop areas. Tufts were tied to horizon-

tal wires upstream of the turning vanes in Comer C (Fig. 7).
These tufts were used to determine the flow distribution

entering this comer. Smoke generators were used upstream
and downstream of the fan and in the settling chamber up-

stream of the test section. The smoke generators were small

electrically ignited canisters that produced 100,000 ft 3 of

smoke over a 5-min period. The canisters were mounted to the
tunnel structure and on a long pole to allow movement of the

smoke source throughout the test area. A hand-held video
camera was used to record the motion of the tufts and smoke

traces during all flow visualization tests.

Test Procedures

Test Section Surveys

Figure 8 shows the layout of the IRT test section with the
three axial survey station test planes: test section inlet (posi-

tioned at -2 percent of test section length), test plane

(42 percent), and test section exit (72 percent). There were five

rake positions at each axial station, (totalling 15 rake posi-

tions). Before each tunnel run, the rake was aligned parallel to
the test section centerline. The flow field was then surveyed

using this rake configuration for test section velocities from 50

to 300 mph in 25-mph increments. Following the completion

of the sweep, the rake configuration was changed and the



surveyprocedurerepeated.In thismanner,theentiretest
sectionflowfieldwassurveyed.

Tunnel Loop Surveys

Traversing plate/vane anemometer surveys were auto-

mated so that all hardware operation and data recording was

controlled from the facility control room. Because only one

traversing unit was available, several test runs were required
to complete all surveys. Data were collected at conditions

corresponding to test section velocities of 100, 200, and

300 mph, although other settings were used at times.

The intent was to map the flow throughout the tunnel loop

which corresponded to these velocity conditions, but opera-
tional constraints prevented collection of all data in some
locations.

Surveys using the hand-held anemometer were con-

ducted at several locations around the tunnel loop (Fig. 1) by

a two-man team; one member of the team operated the
anemometer while the second member recorded the data.

These surveys were conducted at conditions corresponding to

test section velocities of 100, 200, and 300 mph. The hand-

held anemometer was used to provide a fast and efficient

means of measuring the velocity at several areas around the

tunnel loop. The measurements made using this instrumenta-

tion could be affected by the presence of the survey team.

Discussion of Results

Flow Quality Goals

Flow quality goals for the NASA Lewis wind tunnels

have been defined and are listed in Table 1. These goals are
based on information and recommendations from the Wind

Tunnel Calibration Workshop held at NASA Langley 3 and
modified for the specific missions of the propulsion wind

tunnel facilities at NASA Lewis. For the IRT, these goals have

been modified for the specific requirements of an icing tunnel.

The IRT flow quality goals are also presented in Table 1.

Test Section Surveys

The primary goal of these studies was to determine flow

quality and document flow parameters at several locations in

the test section of the IRT. A large amount of data on the test

section flow quality was collected during the program; a large

portion of the data over the operating range of the facility are

included in this report. The total and static pressure and Mach

number data have been normalized by the corresponding

freestream conditions as measured by the facility test section
rake to eliminate variations between runs. These data are

summarized as surface plots. The pitch and yaw flow angle
data have been used to construct directional vectors at each

probe position (the direction of the vector indicates the flow

direction; the length of the vector indicates the magnitude of

the component pitch and yaw data). These data plots are

contained in the appendix (Figs. 21 to 40). The average test

conditions in the test section during the surveys are listed in
Table 2.

For each rake position, the vertical Mach number distri-

bution provides an acceptable variation of less than 0.005 over

most of the survey line. (In some Cases, the probes nearest the

floor and ceiling exceed the 0.005 criterion, probably as a

result of boundary layer effects.) Figure 9 presents examples

of measured Mach number data showing this variation. (These

are typical results for most of the data.) When the data from the
five rake axial positions at an axial station are used to construct

the surface plot, there are some instances in which the varia-

tion in Mach number is larger than 0.005 across the test
section, but does not exceed 0.015. Based on the Mach number

variation over the survey plane, the flow quality in the test

section meets the 0.005 Mach number variation goal in the

area where the test articles would be positioned. However,

there are some areas within the surveyed area that do not meet

the 0.005 goal. A total pressure deficit apparent at the floor and

ceiling of the centerline survey position causes a Mach num-

ber deficit of 0.010 to 0.015 and is more pronounced near the

test section ceiling. At present, the cause of this total pressure
deficit is not known. Since it occurs near the boundaries of the

test section, it does not have an effect on the Mach number

distribution used for most aerodynamic tests.** Table 3 sum-

marizes the variations in total and static pressure and Mach

number over the test section axial survey station 2 (turntable

centerline); these results exclude data from the probe on either
end of the survey rake.

The flow angularity data are presented in a vector format

in the appendix. As mentioned, these probes were not cali-

brated specifically for the test conditions used in these studies.

Although this will affect the overall accuracy of the data, the
flow angularity trends are correct. For this reason, the data are

considered preliminary. Data show a significant amount of

motion in the flow paths, indicating a general trend in the pitch
angle of flow toward the center of the test section (downward

flow at the upper portion of the test section and upward flow

in the lower portion). The significant variation in the yaw flow
angle component could indicate swirl in the flow or be due to

disturbances caused by the tunnel cooler and/or by the spray
bar system.

The boundary layer measurements are presented in Fig.
10. These measurements were made on centerline of the test

section floor at test section axial survey station 2 (test section

station 101). At speeds of 200 mph and higher, the boundary

layer thickness is approximately 4 in.

**This total pressure distortion does not seem toadversely affect the
size of the icing cloud as seen in previous icing cloud calibrations.
However, discussionof the icingperformance of the tunnel is beyond
the scope of this report.



Tunnel Loop Surveys
Figure 11 shows the velocity distribution along the

survey plane in Comer B (survey plane 1). These surveys were

made by using the hand-held anemometer at conditions corre-

sponding to a test section velocity of 100 mph. The survey was
made downstream of the turning vanes in a plane parallel to the

drive fan; data were taken at 41 and 125 in. above the tunnel

floor. (Tunnel dimensions at this position are 19 ft wide by

16 ft high.) Higher velocities were recorded along the 125-in.

survey height (maximum velocity of 40 ft/sec compared with
33 ft/sec at the 41-in. survey height), but there were also

indications of a larger velocity gradient near the inside tunnel

wall. The velocity distribution at the 41 -in. survey height was

much flatter. Neglecting the measurements made at the tunnel

walls, the variation in velocity at the 41-in. survey height is

22 percent, whereas at the 125-in. survey height, the variation

is 46 percent.

Velocity measurements using the hand-held anemom-
eter were also made downstream of the drive fan near the aft

end of the drive motor housing (survey plane 2). Data were

collected at a test section velocity of 200 mph. The airspeed on

either side of the drive motor housing was approximately

equal (32.8 ft/sec on the north side of the housing compared
with 31.7 ft/sec on the south side), but much higher velocities

were recorded under the housing (64.4 ft/sec). The higher

velocities were the result of the reduced area under the housing

where a duct is formed by the drive housing supports.

Figure 12 shows the velocity distributions measured by

using the hand-held anemometer along the survey plane in
Comer C (survey plane 3). The measurements were made

along the leading edge of the turning vanes in Comer C. At this
station, data were collected corresponding to test section
velocities of 100, 200, and 300 mph. The effect of the splitter

wall on the flow field was of primary interest in this area. The

splitter wall separates the large main cooler from the smaller
air cooler downstream of Comer C (Fig. 1). For all test

conditions, higher velocities were recorded along the inside of

the tunnel loop. The maximum velocity was recorded at

approximately 10 ft from the inside wail. At about 25 ft from
the inside wall, the velocity began to decreased and continued

to decrease across the remainder of the survey plane, a length

of 41.25 ft.

Both vertical and horizontal surveys were made at

survey plane 4, which is located upstream of the air cooler.
There are two coolers in the tunnel loop: the larger is located

to the outside of the splitter wall and is shaped like a sideways

"W" (see Fig. 13); the smaller is located to the inside of the

splitter wall and is shaped like a "double W." The traversing
plate and vane anemometer were used to obtain velocity and

flow angularity data along a vertical survey plane at test
section velocities of 200, 250, and 3 l0 mph. The vertical

survey plane was located just upstream of the cooler and
9.5 ft from the outside tunnel wall. Figure 14 shows the data

from the vertical surveys. In each case, a velocity gradient was

present with higher velocities recorded near the tunnel floor

(within 4 to 8 ft of the floor and steadily decreasing toward the

ceiling). A vertical trend was also seen in the pitch flow angle

data (Fig. 14(b)). For all cases, an upflow (positive pitch

angle) was measured along the lower half to two-thirds of the

survey plane. Downflow (negative pitch angle) was measured

along the upper portion of the survey plane, although positive

angles were measured near the ceiling of the tunnel for the test

section velocity equals 310 mph case (VTs = 310 mph). Yaw

angles measured along this survey plane indicate small flow

angles along the lower two-thirds of the survey (yaw angles
were between +3°; outflow--flow toward the outside tunnel

wall--is denoted by positive yaw angles) with larger flow

angles and more scatter recorded along the upper third of the

survey (Fig. 14(c)).

The hand-held anemometer was used along a horizontal

plane 89-in. from the tunnel floor at the leading edge of the
cooler inlet. These data were collected at a test section velocity

of 100 mph. Figure 15 shows the velocity distribution across

this survey plane. The data show that a uniform velocity

distribution entering the main cooler along this horizontal

plane.

Vertical and horizontal surveys were also made down-

stream of the cooler (survey plane 5). The traversing plate and

vane anemometer were used to provide velocity and flow

angularity data along a vertical survey plane at test section
velocities of 200, 250, and 310 mph. The vertical survey plane

was located 2.2 fl downstream of the cooler and 9.5 fl from the

outside tunnel wall (the same distance from the outside wall as

the surveys made upstream of the cooler, survey plane 4). The
data from the vertical surveys are shown in Fig. 16. It can be

seen that the velocity and pitch flow angle were affected by the

presence of the cooler. The two large velocity deficit regions
at vertical positions of 7 and 14 fl above the floor correspond
to the bends in the cooler (at 7 and 13 fl above the tunnel floor).

There is a small discontinuity at 20 fl above the floor that

roughly matches the height of the remaining cooler bend,
which is 19 fl above the floor. Most of the flow disturbance

appears to be caused by the cooler bend at 13 ft above the
tunnel floor at the cooler inlet. The fairing at this bend forces

the flow away from the center of the tunnel; the turning vanes

on the cooler (Fig. 11) do not correctly redistribute the flow to

eliminate the deficit region. The pitch flow angularity data
shows that the flow basically follows the contour of the cooler;

the flow is directed downward along the portion of the survey

below the inlet bend fairing and directed upward for the

portion of the survey above the inlet bend fairing. Yaw flow

angle data also indicate flow disturbances caused by the bends
in the cooler. The yaw angle is generally around 0° to 1oexcept

at 7, 14, and 20 ft above the tunnel floor where spikes appear

in the data. The spikes that occur at these heights are produced

by the fairings at the cooler bends.

Horizontal velocity surveys taken with the hand-held

anemometer show uniform distributions across the cross sec-



tionofthetunnelatthreeheightsandatatestsectionvelocity
of 100mph(Fig.17).

Thevelocitydistributionsalongsurveyplane6(along
ComerDturningvanes)areshowninFig.18.Theheightof
thesurveywas9.7ft (116.4in.)abovethetunnelfloor.Data
werecollectedwiththetunnelventdoorsopenandclosedin
ordertoseetheeffectsontheflowthroughthemainand
secondary(inner)cooler.Velocitydistributionswiththedoors
openorclosedvariesonlyslightlyexceptintheareaofthe
splitterwail.Operatingthefacilitywiththeventdoorsclosed
(normaloperatingmode)providesamoreevenvelocitydistri-
butionoverthesurveyplane.Theeffectoftheventdoorsis
lessapparentat lowertestsectionvelocities.Thehigher
velocitiesmeasuredat25ft fromthesouth(outside)walltothe
splitterwallmaybeduetoareducedareaatthepointbecause
of thepresenceof horizontalfairings(coolerprotrusions
throughComerDturningvanes).

Datafromtheverticalvaneanemometersurveyin the
settlingchamber(surveyplane7)arepresentedinFig.19.The
surveyplaneislocateddownstreamoftheComerDturning
vanes,upstreamofthespraybars,andisparallelwiththetest
sectioninlet.Thevelocitydataindicatethatthedeficitregion
causedbyblockageatthecoolerinlet(thecoolerinletbend
fairingpositioned13fl fromthetunnelfloor,Fig.11)isstill
present.Theeffectofthecooleronthepitchflowangledata
hasdissipatedthroughComerD.Thepitchangleisgenerally
between0° and2° (upflow), although larger negative
(downflow) measurements were recorded near the floor and

ceiling of the tunnel. The yaw flow angle was consistently
negative over the survey plane, which indicates flow toward

the north wall (from south to north). This could be due to

overturning of the flow by the turning vanes in Comer D or

could be caused by the presence of the bellmouth contour.

Additional velocity data were collected by using the

hand-held anemometer along four vertical survey planes just

upstream of the spray bars at a test section setting of 100 mph
(Fig. 20). These data also show the deficit at 13 to 16 ft above

the tunnel floor, although not as large a deficit as noted in the

previous paragraph.

Flow Visualization

Figure 1 indicates the locations in which flow visualiza-

tion was used to study the flow in certain areas of the tunnel.
Descriptions of and results from the studies conducted in each
area follow.

Upstream of fan (smoke). A smoke canister was at-

tached to a long pole so that it could be placed at any location
along the survey plane upstream of the fan. The test was

conducted at a test section velocity of 100 mph. The smoke

paths were straight down the tunnel and into the fan from any
position; there was very little indication of swirl in the flow.

Downstream of fan (smoke). A smoke canister was

attached to along pole so that it could be placed at any position

around the fan drive motor housing. This method provided a

good mapping of the flow field around the drive motor

housing. The test was conducted at a test section velocity of

100 mph. Reversed flow areas were found along the upper

north side of the drive motor housing as well as in areas along
the north side of the housing in which there was almost no
flow. These results are similar to results seen in the NASA

Ames 7- by 10-ft Wind Tunnel. 4 (The Lewis IRT is modeled

after the Ames 7- by 10-ft Wind Tunnel.) The drive motor

housing supports block the flow, which, in turn, could cause

the problem areas on the north side of the housing. The smoke

indicated that the flow exiting from under the drive motor

housing between the supports turned sharply upward toward

the tunnel ceiling.

Comer C (tufts). The tufts indicated that the air speed

decreased toward the outside of the turn (north side) as was

seen from the hand-held anemometer velocity data. There was

very little difference vertically between the tufts, but there was

a definite decrease in flow speed across the tunnel at the
comer.

Comer D and settling chamber (smoke and tufts). Smoke

canisters were attached to the tunnel floor and walls (including

the splitter wall) at several locations. A smoke canister at-

tached to a pole was also used in this area. Tufts were attached

to the splitter wall and the bellmouth floor contour. There was

fairly good flow into the inlet from all locations surveyed in

the settling chamber; no major problem areas were discov-

ered. The rounded transition step from the settling chamber

floor to the bellmouth contour did disrupt the path along the

tunnel floor surfaces. Neither smoke nor tufts indicated any
apparent separation in the bellmouth.

Summary_ of Results

The data collected in the studies reported herein will be

used to determine areas in the facility where modifications can

be made to improve flow quality and efficiency. These data

can be used to provide boundary or starting conditions for

computer simulations of the flow field in the actual facility.

The following are the results of the studies:

1. The Mach number distribution and variation in the

test section was generally acceptable (0.005 Mach number

variation).

2. Significant flow angularity existed in both the pitch

and yaw planes (flow quality goal of +0.10 ° flow angle
variation).

3. A velocity gradient existed in the flow at the cooler

inlet, which could affect the efficiency of the cooler.

4. The velocity and flow angularity surveys down-

stream of the cooler indicate poor flow quality caused by the
shape and blockage of the cooler.



5. Flow visualization tests indicated flow problems

downstream of the drive fan along the north side of the drive

motor housing. Areas of no flow and reversed flow were

indicated by the smoke patterns in this area.

Concluding Remarks

A series of studies were conducted in the NASA Lewis

Icing Research Tunnel to determine the flow quality in the test

section and throughout the tunnel loop. While the primary

intent of this report is to provide documentation of the data

collected during these studies, some recommendations are

given for follow-on tests and possible tunnel modifications.

For follow-on tests,

1. The flow angularity probes should be calibrated for

the specific test conditions.
2. Better flow angle probe and rake alignment measure-

ments need to be made to increase measurement accuracy.

3. A tighter grid of points across the test section would

aid in mapping the flow field at each test section station.
4. The design of the probe supports (support length and

diameter changes) must be updated to minimize any aerody-
namic interference from the probe support and rake body.

5. Velocity distribution data should be collected up-
stream of the fan but closer to the fan face than the data taken

at survey plane 1. The velocity profile just upstream of the fan

face is probably somewhat flatter than at survey plane 1

because of mixing.
6. Traversing plate/wind anemometer surveys should

be made downstream of the drive fan motor housing to better

quantify the flow in that area. In order to separate effects from
the fan and the drive motor housing, two survey planes are

required: one just downstream of the fan and the second down-
stream on the drive motor housing.

7. Better definition of the flow entering and exiting the

cooler is required. At least one vertical and two or three
horizontal traversing plate surveys should be made at each of

these stations.
8. Additional vertical and horizontal surveys (travers-

ing plate and wind anemometer) should be made in the settling

chamber (Corner D). Two additional vertical surveys, one at
the tunnel centerline and the second near the north settling

chamber wall, will help determine if the turning vanes in

Corner D are overturning the flow. Three horizontal surveys

at about 1/4, 1/2, and 3/4 of the tunnel height will better define

the flow differences between the outer (main) and inner

(secondary) coolers.
9. Boundary layer thickness measurements should be

made at the inlet and exit of the test section. The boundary

layer size and growth will affect the icing cloud size.
10. Velocity distribution data should be collected up-

stream of the turning vanes in Corner B. This information

coupled with the data taken downstream of the turning vanes

(survey plane 1) give an indication of the effectiveness of the

turning vanes.

For tunnel modifications,
1. Because the cooler seems to cause the biggest flow

distortions, additional measurements at the cooler inlet and

exit have been suggested. The turning vanes along the down-
stream side of the cooler could be overturning the flow so that

it cannot fill the void caused by the upstream fairing. Addi-

tional investigation using different vane geometries is recom-

mended.

2. Investigation into replacing the existing cooler with
a flat cooler is also advised. A flat cooler would eliminate the

flow distortions caused by the current folded cooler geometry

and should provide some measure of flow conditioning (analo-

gous to a flow conditioning screen of honeycomb).
3. The "bump" at the inlet of the bellmouth (transition

between the settling chamber and the bellmouth) should be
removed. The smoke flow visualization showed that this

contour affected the flow path. t

Appendix

The test section flow field survey data are summarized

in this appendix (see Figs. 21 to 40). Total and static pressures,

Po and Ps, respectively, and Mach number, M, are normalized

by freestream conditions (subscript FS) and are presented as

surface plots. Flow angularity data are given in vector plots.

Each set of four plots describes the flow quality at one survey

station at one velocity setting.
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Table 1 .--Summary of Test Section Flow Quality Goals for the

NASA Lewis Research Center Wind Tunnel Facilities

Flow quality

parameter

Mach number variation

Flow angularity

Turbulence intensity

Total temperature variation

NASA Lewis facility

8- by 6-ft SWT

9- by 15-ft LSWT

10- by 10-ft SWT

0.005

0.25 °

0.25%

4 °F

Icing Research

Tunnel

(IRT)

0.005

0.10 °

0.50%

2 °F

SWT, Supersonic Wind Tunnel; LSWT, Low-Speed Wind Tunnel

Table 2.--Average Test Section Settings/Conditions During Test Section Flow Field Surveys

Nominal

velocity,

mph

50

100

150

200

250

275

300

Actual

velocity,

mph

49.7

100.0

150.8

202.2

254.5

280.9

308.0

Actual

velocity,

ft/sec

72.9

146.7

221.1

296.5

373.2

412.0

451.7

Mach

number

0.065

.130

.195

.261

.328

.361

.396

Total

pressure,

psia

14.311

14.310

14.309

14.308

14.308

14.303

14.306

Static

pressure,

psia

14.269

14.143

13.934

13.645

13.283

13.075

12.849

Dynamic

pressure,

psia

0.042

.167

.375

.663

1.025

1.229

1.457

Total

temperature,

R

532

532

532

534

537

538

540

Table 3.--Variation in Flow Parameters Over Survey Plane 2

(Turntable Centerline)

Nominal

velocity,

mph

50

100

150

200

250

275

300

Total

pressure

variation,

psia

0.015

.015

.016

.018

.025

.023

.010

Static

pressure
variation,

psia

0.013

.013

.019

.020

.034

.024

.068

Mach

number

variation

0.007

.005

.002

.003

.006

.005

.011

Mach

number

ceiling

deficit

0.007

.008

.015

.012

.011
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Figure 1 ._Plan view of Icing Research Tunnel, shop, and control room, showing areas studied and measurements made

in each area.
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Figure 3.--Five-hole hemispherical-head flow angularity probe (probe diameter, 3/8 in.).
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Figure 4.--Boundary layer rake used in test section surveys. (a) Rake installation. (b) Rake layout. (Dimensions are in inches.)
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Figure 5.--Wind anemometers used in flow quality studies. (a) Hand-held anemometer. (b) Vane

anemometer.
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Figure &--Traversing plate with vane anemometer set up for vertical survey in Comer D

(upstream of spray bars).
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Figure 7._Comer C test setup showing tuft flow visualization installation and velocity survey plane.
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Figure 12.--Velocity distribution along survey plane 3 (Comer C).

Data were collected using hand-held anemometer.
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13. ABSTRACT (Maximum 200 words)

A series of studies have been conducted to determine the flow quality in the NASA Lewis Icing Research Tunnel. The

primary purpose of these studies was to document airflow characteristics, including flow angularity, in the test section

and tunnel loop. A vertically mounted rake was used to survey total and static pressure and two components of flow

angle at three axial stations within the test section (test section inlet, test plane, and test section exit; 15 survey stations

total). This information will be used to develop methods of improving the aerodynamic and icing characteristics within

the test section. The data from surveys made in the tunnel loop were used to determine areas where overall tunnel flow

quality and efficiency can be improved. A separate report documents similar flow quality surveys conducted in the

diffuser section of the Icing Research Tunnel. The flow quality studies were conducted at several locations around the

tunnel loop. Pressure, velocity, and flow angularity measurements were made by using both fixed and translating

probes. Although surveys were made throughout the tunnel loop, emphasis was placed on the test section and tunnel

areas directly upstream of the test section (settling chamber, bellmouth, and cooler). Flow visualization, by video

recording smoke and tuft patterns, was also used during these studies. A great deal of flow visualization work was

conducted in the area of the drive fan. Information gathered there will be used to improve the flow quality upstream

and downstream of the fan.
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